Abstract-This letter investigates the effects of practical hardware impairments on a cognitive hybrid satellite-terrestrial networks (CHSTN) with multiple primary users (PUs). The widely employed shadowed-Rician fading distribution is adopted to model the satellite-terrestrial channel. CHSTN can provide comprehensive wireless coverage as well as enhanced spectrum resource usage by considering the requirements of both spectrum efficiency and reliability. Specifically, we derive the closed-form expression of the outage probability (OP) for the considered system in the presence of interference power constraints imposed by multiple adjacent terrestrial PUs. To gain further insights at high signal-to-noise ratios, the asymptotic expression for the OP is also derived. Numerical results confirm the correctness and effectiveness of our performance analysis.
extension works to multi-antenna scenarios with orthogonal space-time block coding (OSTBC), and beamforming (BF) schemes were analyzed in [2] and [3] , respectively.
Recently, cognitive ratio (CR) has received much interest in satellite communications (SatComs) due to the ability of alleviating the spectrum shortage problem, especially when the growing number of satellite services is consuming the already limited spectral resources [4] , [5] . The integration of CR into HSTN can offers the advantages of not only increasing the overall spectral efficiency by spectrum sharing but also extending the wireless coverage through the deployment of relays, and constitute a cognitive hybrid satellite-terrestrial network (CHSTN) architecture [6] [7] [8] [9] [10] [11] [12] .
However, in practice the hardware nodes in wireless networks are not perfect for various practical reasons, such as amplifier non-linearities, I/Q-imbalance and phase noise [13] , [14] . In [15] , the general hardware impairments (HIs) model was proposed for the relay network. Miridakis et al. [16] , [17] investigated impact of HIs on the system performance for the cognitive terrestrial networks.
However, the effect of HIs on the CHSTN is not understood, which is necessary in the satellite-terrestrial networks. Thus this letter investigates the CHSTN with HIs and interference power constraints imposed by multi-primary users (PUs). Particularly, the exact and asymptotic expressions for the OP are derived. To the best of our knowledge, this is the first time these theoretical results have been obtained, which are useful to analyze the effect of non-ideal circuit HIs on the performance of CHSTN. Numerical simulation results are provided to validate the performance analysis.
II. SYSTEM MODEL AND PROBLEM FORMULATION We consider the CHSTN, which consists of a secondary satellite source (S) communicating with a secondary destination (D) with the assistance of the terrestrial relay (R) with N antennas in the presence of M terrestrial primary users (PUs) with single antenna. S and D are equipped with single antenna, respectively. As the reasons provided above, all the nodes in the networks suffer from HIs. We assume that there is no direct link between S and D due to the rain, fog, or heavy shadowing [6] . The terrestrial R works in the half-duplex mode with the decode-and-forward (DF) protocol. Hence, S takes two time slots to communicate with D. In the first time slot, S sends its signal s(t) with E[|s(t)| 2 ] = 1 to R, where E[ · ] denotes expectation. The signal received at R is given by [18] . n R (t) is the additive white Gaussian noise (AWGN) at R, which is an N × 1 AWGN vector whose distribution is
In the second time slot, R forwards the received signal to D with the DF protocol, and the received signal is given by
where w H RD is the transmit BF vector at R with w RD 2 = 1, h RD the channel coefficient vector between R and D modeled as Rayleigh fading, P R the transmit power of R, η RD (t) the distortion noise caused by HIs which is distributed as η RD 
When maximum ratio combining (MRC) and maximum ratio transmitting (MRT) are used by the system, we can get
Hereby, the transmit powers of P S and P R are constrained to limit interference at PUs to be below maximum tolerable interference power Q. It follows that the received interference powers at PUs from S and R must be constrained, i.e.,
)] ≤ Q, 1 according to [15] , k SP p and k RP r denotes the aggregate level of HIs of the p-th PU link and r-th PU link, respectively. Consequently, we have [19] 
. We assume that each PU channel is independently and identically distributed (i.i.d) with the same channel parameters. The HIs levels of them are assumed same [15] . Hence, from (1) and (2), by using P S and P R , the signal-to-noise-and-distortionratio (SNDR) at R and D are expressed as
where
As the DF protocol is used by R, the final SNDR of the system is given by
By assuming MRC is used by PUs and setting
, then we can get
where g SJ is the channel coefficient vector, which is often assumed to undergo SR fading [6] [7] [8] , [20] 
Hence, γ SR and γ SP are re-written as
where γ SR = QF 2 SR /δ 2 R is the average SNR of the S to the R link and γ SP = QF 2 SP /δ 2 R that of the S to PUs link. Remark 1: It is worth-mentioning that we consider a more general case of CHSTN with multi-PUs and HIs, where practical propagation factors, such as satellite beam pattern and path loss, are taken into account. Thus, our work includes the system model in [6] and [9] as a special case, where only one PU and ideal hardware is assumed and the scaling parameter in (6) is reduced to F SJ = 1. Besides, our work extends the work of [21] , when ideal hardware is considered.
III. PERFORMANCE ANALYSIS
Before analyzing the performance of considered network, we first study the statistical property of the satellite link. In the PUs' link, we consider the worst condition. By letting U = {SR, SP}, hence the probability distribution function (PDF) of U is given by [22] :
and B(., .) denotes the Beta function [23] . U , 2b U and m U ≥ 0 denote the average power of the line of sight (LOS) component, the average power of the multi-path component, and the fading severity parameter ranging from 0 to ∞, respectively.
Based on (8) along with integral computation, the cumulative distribution function (CDF) of γ U is given by
In PUs' link, we consider the worst condition. From [24] , by setting L = {RD, RP}, we can derive the PDF for γ RD and γ RP , respectively, as
A. OP According to [15] , the OP is defined as the SNDR falls below a predefined threshold γ 0 , which can be presented as
Next, Pr(γ R ≤ γ 0 ) and Pr(γ D ≤ γ 0 ) are derived as follows. First of all, we focus on Pr(γ R ≤ γ 0 ). From (3) and (4), when γ 0 < 1/k 2 SR , we can get
Then substituting (8) and (9) into (13), we obtain
Then, by the same manner, when
By substituting (10) and (11) into (15), we can obtain
Finally, by taking (14) and (16) into (12), the final expression for OP is derived. In order to save the length of page, here the final expression is omitted.
B. Asymptotic OP
Recalling (8) and (9), when γ SR is large, they can be written as
Then substituting (17) and (8) into (13), we can get
Using the same manner and assuming that each channel has the same channel parameters, we can get the CDF of γ RD at high SNRs and the PDF of γ RP as, respectively
and
Next, by taking (20) and (19) into (15), we can obtain
Furthermore, substituting (18) and (21) into (12), the asymptotic expression of OP can be derived.
Finally, if we setγ SR =γ SP =γ RD =γ RP = Q/δ 2 R = Q/δ 2 D =γ and ignore higher order terms, we have then the diversity order D and code gain can be respectively, derived as
IV. NUMERICAL RESULTS In this section, numerical results are provided to validate the performance analysis. The system parameters are given as the GEO, f = 2GHz, ϕ 3dB = 0.8 • , G max = 48dB, G r,SJ = 4dB, B = 15MHz, and T = 300 • K. Without loss of generality, we set δ 2 R = δ 2 D = 1 and in all plots we denote Fig. 1  (b) , we set γ = 30dB. Fig. 1 depicts the OP of the system. It can be derived that the analytical results agree well with the Monte Carlo (MC) results. The asymptotic results are tight across the simulation results at high SNRs, confirming the effectiveness of our performance analysis. In addition, we can observe from Fig. 1(a) that the OP will be degraded with the increase of M. This is because a stricter interference constraint is required as M increases. However, the HIs does not affect the diversity order of the CHSTN. Furthermore, we can find that the SNDR would have a ceiling phenomenon in Fig. 1(b) , namely, when γ 0 is larger than a specific value, the OP would be always 1 as γ 0 grows to infinity. In this case, the existence of HIs determines an extreme values of γ 0 where an outage is inevitable. Besides, the ceiling effect is just the function of the aggregate HIs level, and the system performance will be worse when the aggregate level of HIs is larger.
V. CONCLUSION In this letter, we have investigated the OP of a cognitive hybrid satellite-terrestrial networks with HIs and multi-primary users. Specifically, the closed-form expressions of the OP for the system have been derived. To get further insights, we have derived the asymptotic expressions of OP at high SNRs. Our works provides an efficient way to evaluate the impact of nonideal hardware on the performance of cognitive hybrid satellite networks with multi-primary users.
